Background: Current screening mammography for breast cancer is associated with misdiagnosis in as many as 30% of cases. Objectives: To develop and clinically evaluate a unique autoantibody based protein microarray blood test to improve the accuracy of breast cancer screening. Materials and Methods: A microarray was constructed from commercial antigens and antigens selected from screened cDNA libraries of breast cancer tissue samples. A training set containing 439 healthy controls and 276 biopsy proven breast cancer cases was used to establish a set of separating models between the two groups. These models were used to assign a diagnosis to 285 blind samples from 120 breast cancer patients and 165 healthy controls. 
Introduction
Worldwide, breast cancer is the most common cancer and the most common cause of death from cancers among women. Lifetime incidence of breast cancer is reported by the American Cancer Society to be between 12% and 13% in the US, with similar rates in the western world [1] . Imaging modalities for breast cancer detection include mammography, ultrasound (US) and magnetic resonance imaging (MRI). However, the mainstay of screening for breast cancer is mammography which is currently the only recommended screening modality for women over 40 -50 years of age in much of the developed world [2] . The issue of recommended mammography is specifically challenged in the subpopulation of women with dense breast tissue. While mammography has an overall sensitivity of 50% -70% [3] , in younger women and in women with dense breast tissue the sensitivity is greatly reduced [4] . Approximately 50% of women have dense breasts (50% or more of breast volume occupied by fibroglandular tissue on mammography) on initial screening mammography. It has been demonstrated that women with dense breast are at higher risk of developing breast cancer, as well as at greater risk of missing a tumor on mammography due to masking by fibroglandular tissue [5] [6] . Thus, it has been suggested that women with dense breasts and a negative screening mammography undergo further supplemental imaging such as breast ultrasound and/or breast MRI.
An American College of Radiology Imaging Network (ACRIN) study comparing mammography alone to mammography with the addition of ultrasound in women with dense breast showed a breast cancer detection rate of 7.6 cancers per 1000 women screened with mammography alone versus 11.8 cancers detected per 1000 women screened with the combination of mammography and ultrasound [4] [7] . Other studies showed an improved cancer detection rate for women with dense breast from 0.25% to 0.46% [6] or by 20% [8] . The majority of cancers detected solely by supplemental ultrasound were node-negative invasive carcinomas, corresponding to a lower stage and allowing the possibility of earlier treatment and improved survival. However, a decrease in specificity by 7% with the combination of mammography and ultrasound versus mammography alone was reported as well. Although the increase in cancer detection rate of mammography combined with ultrasound may be beneficial, the increased biopsy rate, especially of unnecessary biopsies, results in increased morbidity [4] [7] . MRI is another imaging method proposed to improve screening. The lack of ionizing radiation and the fact that it is not affected by breast tissue density makes it a promising option. Many studies have shown increased breast cancer detection rates with MRI after a negative mammography in women with an elevated risk for breast cancer [9] - [11] . The ACRIN 6666 investigators demonstrated that an additional 14.7 cancers were detected per 1000 women screened using MRI after mammography [2] [4] [7] . Nevertheless, MRI also showed a high false-positive rate: 7% of women in the ACRIN 6666 study underwent biopsy on the basis of MRI findings alone, but only 18.6% of them were found to have breast cancer [4] . High false-positive rates ultimately increase patient morbidity without improving mortality. Furthermore, MRI is generally less well tolerated by patients than ultrasound. The high cost and need for injection of contrast material also make MRI a less attractive technique for widespread screening except in very high risk patients such a BRCA mutation carriers [5] .
The drawbacks of current breast cancer screening modalities support the general consensus among breast cancer surgeons and the public where there is an urgent and unmet need to develop more accurate, non-invasive, simple and low risk additions or alternatives for screening and early diagnosis of breast cancer [12] . The immune system as a potential tool to help in diagnosis of cancer has been challenged many times for many differ-ent cancers. Thus far, only a small number of circulating autoantibodies specific to breast carcinoma antigens have been identified and investigated [13] . The best known are Her2 [14] and Muc1 [15] , both of which can be over expressed in breast tumors, and are involved in the production of specific autoantibodies. So far, current efforts to predict or diagnose breast cancer based on autoimmunity have not resulted in clinically applicable serologic biomarkers with accurate and definitive predictive and diagnostic capabilities. There are several explanations for this phenomenon. First, most of the autoantibodies against cancer cells are present in high enough levels (3SD above background) in only a small proportion of cancer patients, as well as in a similar proportion of healthy individuals [16] - [19] . Second, some antibodies tend to appear in several types of cancer, and thus lack the sensitivity needed [17] [19] . Lastly, some antibodies appear in disease states other than cancers [16] [20] [21] . These facts led to the hypothesis that a panel of autoantibodies, rather than a single antibody, would be much more helpful in the diagnosis of cancer by this method [19] [22]- [25] .
We have recently reported that an autoantibody panel has the potential to serve as an additional tool for breast cancer diagnosis [26] . In this previous report, a panel of 15 antigens was used to develop a highly sensitive blood test. This tool can be especially helpful for the sub-population of women with dense breast, in whom mammography loses much of its sensitivity. In order to utilize such a blood test for women after negative mammography, a test with high specificity is needed. High specificity will assure a low rate of false positive results, which are the major cause for unnecessary procedures. In this report, we described the development and performance of a microarray based on antigens that were derived from cDNA libraries. The unique microarray was developed using a set of 715 known plasma samples, and tuned to achieve high specificity. After establishing algorithms based on these known plasma samples, the microarray was tested on a set of 285 blind plasma samples in order to estimate its sensitivity and specificity.
Materials and Methods
Study design All participants were female subjects over the age of 18 with a breast abnormality detected by clinical breast examination, mammogram, ultrasound, or breast MRI, and women presenting for routine screening with a negative mammography (BIRADS 1, 2). All women who had an indeterminate/suspicious abnormality underwent a pathological diagnosis by core needle or surgical biopsy of the lesion. Those with pathologically proven breast cancer (invasive ductal, invasive lobular and ductal carcinoma in situ) were considered as "cases", and those with negative mammography and/or benign biopsy result (fibroademoas, fibrocystic changes including ADH, ALH and LCIS) were "controls". Although both DCIS and ADH are similar entities with the diagnosis being a quantitative difference in the atypical cells present on the biopsy, biologically, there may not be significant differences between the two, which should be further explored in future studies, the reason for this difference lies within the different treatment given to each group. In situations where there was a discrepancy between the results of the needle biopsy and surgery, the pathologic findings at surgery overruled the needle biopsy results. Patients with biopsy samples with no pathological report, or with no final diagnosis, were excluded from the study. Women were not eligible to participate if they had a previous or concurrent malignancy including hematologic malignancies, were receiving chemotherapy, or had chemotherapy or steroid-based therapy in the past 6 months. Women undergoing immunosuppressive treatments or women with an autoimmune disorder were also excluded. The study in the different centers was conducted under local Institutional Review Board (IRB) approvals (trial registration ID: NCT01343849), and subjected to signing informed consent by each participant. Data forms were completed by each site to obtain clinical information and final pathological diagnosis.
Blood samples collection Plasma was collected from whole blood using heparin tubes (Greiner Cat. No. 455084) centrifuged at 4000 RPM for 10 min at room temperature and aliquots were stored frozen at −80˚C until microarray analysis.
cDNA libraries construction Four breast cancer tissues were used to construct a cDNA library. All tissues were originated from invasive ductal carcinoma. Two were triple positive (ER, PR, Her2), one was ER positive and the forth was Her2 positive. In short, RNA was extracted using NucleoSpin® RNA (Macherey-Nagel Cat. No. 740955.10) extraction kit according to manufacturer instructions. Using In-Fusion® SMARTer Directional cDNA Library Construction Kit (Clonetech Cat. No. 634933) a library of at least 1E6 different clones was constructed from each tissue.
Screening for reactive antigens Clones from 4 different cDNA libraries were produced using auto-induction protocol and purified using Hispur Ni-ANT resin (Pierce, Cat. No. 88221). Individual clones were picked, and arrayed on NEXTERION® Slide E (Schott Cat. No. 1066643) using a Micro Grid II microarrayer (Digilab) with split pins. Protein microarrays were blocked using Blockit plus (Arrayit, Cat. No. BKTPL) for 1 hour at room temperature followed by 1 hour incubation with human plasma samples diluted 1:100 in blocking buffer. After 1 hour incubation at 37˚C with gentle agitation, microarrays were washed 3 times with 0.1% PBST followed by 3 washes with PBS. 1:500 Goat-anti-Human-Cy3 conjugated (Jackson Immuno Research, Cat. No. 109-165-003) was added for 30 min at 37˚C with gentle agitation, followed by same washing procedures.
Data acquisition and analysis Microarrays were scanned with Innoscan710 scanner (Innopsys) at 532 nm, and quantified using Mapix software. In the first round of selection, each antigen was screened against 70 plasma samples (35 breast cancer cases and 35 controls) and evaluated by their t-test. In addition, each clone was used individually to derive a receiver operating characteristic (ROC) curve that was ranked according to the area under curve produced for each antigen. Antigens with t-test statistic t > 2 or area under curve (AUC) above 0.6 were chosen for the second round of selection-screening against plasma from 150 breast cancer cases and 150 controls. The same acceptance criteria were applied to the antigens in the second round. The second round of selection resulted with the 39 antigens that were printed on the protein microarray slides in order to evaluate their performance on blind samples.
Protein microarray printing All antigens were diluted to a printing concentration of (0.1 -1 mg/ml) in a 384 well plates (Arrayit Cat. No. MMP384), and arrayed on NEXTERION® Slide E (Schott cat. No. 1066643) using a Micro Grid II microarrayer (Digilab) with split pins. The slides were blocked using Blockit plus (Arrayit, Cat. No. BKTPL) for 1 hour at room temperature, and stored at 4˚C under vacuum until use.
Protein microarray slide development Samples were defrosted and loaded on an MF membrane (GE healthcare Cat. No. MF1 8122-2250) for a period of 24 hours at room temperature followed by extraction with reaction buffer (Arrayit, Cat. No. PMRB), and loaded on the protein microarrays in dilutions of 1:10 -1:20. After 1 hour incubation at 37˚C with gentle agitation, microarrays were washed 3 times with 0.1% PBST followed by 3 washes with PBS. 1:500 Goat-anti-Human-Cy3 conjugated (Jackson Immuno Research, Cat. No. 109165003) was added for 30 minutes at 37˚C with gentle agitation, followed by same washing procedures. Microarrays were scanned with Innoscan710 scanner (Innopsys) at 532 nm, and quantified using Mapix software.
Protein microarray data analysis The samples were randomly divided into two groups, 715 samples were designated as the training set, and the remaining 285 samples as blind samples. The results obtained from the 57 antigens were log transformed and normalized to the median of each sample. The results of the samples in the training set were applied to the IBM SPSS modeler that produced separating models based on machine learning algorithms (Neural Network, Chaid, CRT and C5). These models were applied to the blind set sample data, and resulted with a score of "0" or "1" for each sample. The score was compared to the clinical status that was obtained for each sample to calculate sensitivity, specificity, NPV and PPV.
Results
Study participants A total of 1000 plasma samples were obtained from five centers. The samples tested in this study were randomly divided into two groups (training set and blind validation set), with similar average age distribution of breast cancer cases and controls between the two groups (see Table 1 ).
Of the 1000 samples collected, 604 were controls (either with negative mammography or negative/benign biopsy results) and 396 were cases (327 invasive ductal breast cancer, 25 had invasive lobular breast cancer and 44 had ductal carcinoma in situ) (see Figure 1) . Library construction Four different cDNA libraries were constructed from 4 different invasive ductal breast cancer tissue samples (two triple positive IDC, one Her2 positive ER/PR negative and one ER positive). Each library contained at least 1E6 clones. The cDNA libraries were pooled and screened for reactive antigens.
High throughput protein microarray screening for selection of reactive antigens A total of 119,808 clones were randomly selected from the pool libraries. These clones were printed on microarrays and screened in two rounds of selection. The first round consisted of 70 plasma samples (35 breast cancer cases and 35 controls), and the second round of selection consisted of 150 breast cancer cases and 150 controls. Each antigen received a score based upon t-test and AUC (see materials and methods). In order to pass a selection round, a potential antigen had to have either t-test > 2 or AUC > 0.6. The average t-test was 2.7 for antigens being selected at the first round and 3.4 for those being selected at the second round. The average AUC was 0.7 for the first selection round and 0.64 for the second round. A total of 39 antigens passed at least one of the criteria in the second selection round (see supplementary data in Table S1 ). Microarray construction A total of 39 antigens derived from the cDNA libraries which showed the best separation probability together with 17 commercial antigens, all reported to be associated with a humoral response in breast cancer, were printed on epoxy slides (a total of 56 antigens examined). Of the 17 commercial antigens used, 15 were previously reported as highly sensitive in predicting the presence of breast cancer as a part of a panel of antigens [26] . The commercial antigens used are summarized in Table 2 .
Protein microarray performances In order to evaluate the performance of the protein microarray, a total of 1000 plasma samples were used (one sample per a participant). All samples were tested on the protein microarray using the same protocol (see materials and methods). The samples were divided into two groups-a total of 715 were a part of the training set that was used to develop a set of prediction models, upon which the remaining 285 blinded samples (blind validation set) were tested and given a predicted clinical status.
Prediction using the Protein microarray The training set containing serum from 439 controls (negative mammography or benign lesions) and 276 breast cancer cases was used to establish the mathematical algorithms. After processing the samples, each sample, with a known clinical status, received a set of values, one per each antigen, which corresponded to the relative amount of each autoantibody (see materials and methods). These values were used to establish the separating algorithm between the breast cancer patients and the healthy controls. The algorithm was tuned to achieve at least 95% specificity and at least 50% sensitivity.
The remaining 285 blinded samples were then tested, and received a score of either "0" (control) or "1" (case) based on the algorithm (see supplementary Table S2 ). The results were compared to the clinical data in order to evaluate the sensitivity and specificity of the test. A total of 82 (out of the 120) breast cancer cases were diagnosed correctly translating to a sensitivity of 68.3% (CI: 59.2% -76.5%). A total of 160 (out of 165) controls were diagnosed correctly translating to a specificity of 96.97% (CI: 93.1% -99.0%), see Table 3 . The NPV for this validation set was 80.8% (CI: 74.6% -86.1%) and PPV for this validation set was 94.3% (CI: 87.1% -98.1%). The overall AUC obtained for this set was 89.2% (CI: 78% -87%), as seen in the ROC analysis in Figure 2 .
(100) Table 3 . Prediction on a blind set of 285 samples using mathematical algorithm based on protein microarrays results. 
Discussion
Screening mammography as a standalone modality for the early detection of breast cancer has several limitations, especially in women with dense breasts. Here, we demonstrated that this newly developed blood test based on a panel of antigen selectively chosen to recognize breast cancer autoantibodies has a high specificity (97%) with a moderate sensitivity (68%), and an AUC of 89% for breast cancer detection. These results compare favorably with screening mammography as a standard standalone test whose sensitivity is 70% -80% (range: 29% -97%) [27] and specificity 35% -98% [28] . Because of these characteristics (high specificity and moderate sensitivity), the new test can be used as a second line screening for women with negative mammography. Particularly, in this sub-population, 68% of the undiagnosed women can be detected with the autoantibody-based blood test at the cost of 3% false positive results. Patients displaying positive results should be referred to additional and more sensitive imaging modalities (such as US or MRI). The benefit of utilizing this blood test prior to other imaging modalities lies in the possibility to reduce many false positive results of the other modalities that will occur if the test is not performed prior to MRI.
Some patients' sub-populations, specifically women with dense breast tissue, in whom mammography is highly inaccurate, may benefit more from using a blood test. After receiving a negative mammography result, these women can undergo a blood test that will refer them to additional and more sensitive imaging techniques. To this end, additional clinical studies should be performed in order to evaluate the sensitivity and specificity of the autoantibody based blood test, specifically for the dense breast sub-population.
Breast imaging, either anatomical or functional, is limited by many factors. Tumor antigenicity as a tool for breast cancer detection is only beginning to be explored, but shows a promise in taking cancer screening to a biological era. 
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